Many elaborate regulatory mechanisms operative in cells are mediated through DNA-binding transcription factors. To ensure the accuracy of gene expression, these transcription factors must be present at the right time, at the right place, and in the correct amount. Their DNA-binding activity and transcriptional activation functions must be tightly controlled to achieve the optimal expression of each downstream gene (10, 32) .
Regulation of DNA binding and protein stability of transcription factors plays a crucial role in their functional activities. Several cellular transcription factors, such as Ets-1, p53, androgen receptor, TATA-binding protein, and IRF3, contain DNA-binding inhibitory sequences (DBISs) (12-14, 18, 19, 22, 42, 43) . Complex protein-protein interactions or protein modifications may restore DNA-binding activity (25) . In addition, many transcription factors are unstable in cells as a result of degradation by proteasome-mediated processes (33) . The degradation signals found in these factors, including ATF6, E2F1, c-Fos, c-Jun, c-Myc, p53, HIF-1␣, c-Rel, and STAT5, often overlap with their transcriptional activation domains (7, 23) . These observations imply that multiple cis-regulatory regions in transcription factors reciprocally control their function.
The protein encoded by open reading frame 50 (ORF50) of the Kaposi's sarcoma-associated herpesvirus (KSHV) genome is a potent transcription activator with a DNA-binding domain and an activation domain (2, 3, 34) . The 691-amino-acid (aa) KSHV ORF50 protein does not share obvious homology with cellular proteins. However, it is related to immediate-early transcriptional activator proteins of other gammaherpesviruses, such as ORF50a encoded by herpesvirus saimiri and Rta encoded by the BRLF1 gene of Epstein-Barr virus (EBV) (21, 31) . The KSHV ORF50 protein has been shown to play a central role in the switch of the viral life cycle from latency to lytic replication. Ectopic expression of KSHV ORF50 is sufficient to disrupt viral latency and to activate a complete lytic replication cycle (11, 31) . In addition to its role as a transcription activator, ORF50 protein also participates in directing the assembly of replication complexes by recruiting specific proteins required for lytic DNA synthesis (1, 36) .
ORF50 activates downstream KSHV targets by at least two mechanisms: direct DNA binding and indirect access to DNA (4, 17) . In transient-transfection assays, many viral promoters, including its own gene, polyadenylated nuclear (PAN) RNA, K12 (kaposin), ORF57, K6 (vMIP-1), K8 (K-bZIP), K9 (vIRF), ORF21 (thymidine kinase), K5, ORF6 (single-stranded DNA-binding protein), K14 (vOX-2), ORF74 (vGPCR), and K2 (vIL6), are activated by ORF50 protein (3, 5, 8, 9, 15, 20, 29, 35, 41) . Some of these promoters are activated by ORF50 protein through a direct DNA-binding mechanism (3, 29, 30) . DNA-binding-deficient ORF50 mutants which are defective in activating direct targets are nonetheless capable of activating some other promoters and driving the lytic cycle through interacting with ORF50 promoter itself (4) . Thus, ORF50 protein must possess an elaborate mechanism for regulating its DNA binding function in cells.
Wild-type ORF50 protein expressed in mammalian cells shows a limited capacity to bind target DNA (2) . However, we showed that mutations outside the DNA-binding domain of ORF50 protein (aa 1 to 390) markedly enhanced DNA-binding activity (2) . A critical regulatory region was located within aa 520 to 535 of ORF50 protein, which contains a motif of basic amino acids KKRK. Basic-to-acidic substitutions of the KKRK motif in aa 527 to 530 of the ORF50 protein, such as ORF50(KK/EE) and ORF50(RK/DE), dramatically enhanced DNA-binding activity. The same mutations in the ORF50 gene also resulted in abundant expression of mutant proteins (2) . In particular, a variant with accelerated electrophoretic mobility, which we designated ORF50B, was overexpressed after mutation of the KKRK motif. Our previous studies left unanswered several questions that we attempt to address here. Can the amino acids of the KKRK motif which play a role in regulating DNA binding and those which affect protein abundance be clearly discriminated with point mutants of ORF50 protein? What are the boundaries of the functional region encompassing the KKRK motif that inhibits DNA binding and modulates the level of ORF50 protein? If we can identify these regulatory regions, are they position dependent or independent? What is the specificity of their action? Moreover, what are the possible mechanisms of inhibition of DNA binding and regulation of protein abundance controlled by these cis motifs?
Here, we identify two mobile overlapping regulatory regions encompassing the KKRK motif that independently control DNA binding and protein abundance. We designate these as a DBIS and a protein abundance regulatory signal (PARS). The DBIS is likely to operate by an intramolecular mechanism. The PARS consists of two components that are likely to destabilize ORF50 by promoting protein degradation.
MATERIALS AND METHODS
Cell culture and transfection. HKB5/B5, a cell line formed by fusion of HH514-16 cells with 293T cells (3), was grown in RPMI 1640 medium with 8% fetal bovine serum. HKB5/B5 (2 ϫ 10 6 ) cells in six-well plates were transfected with a constant amount of plasmid DNA (4 g) by using the DMRIE-C reagent (Invitrogen) (3) . In some experiments a 10 to 40 mM concentration of the proteasome inhibitor MG132, dissolved in dimethyl sulfoxide (DMSO), was applied to cells 4 h posttransfection, and the treated cells were incubated for 20 h.
Plasmid construction. pCMV-FLAG-ORF50 and pCMV-FLAG-ORF50(KK/ EE) have been described previously (2) . Amino acid substitutions in ORF50(KK/ AA), ORF50(KK/RR), ORF50(KRK/EDE), and ORF50(RSK/DSE) constructs were made by using a QuikChange site-directed mutagenesis kit (Stratagene). To make ORF50 C-terminal deletion mutants, various regions of the ORF50 gene were amplified from pCMV-FLAG-ORF50 or pCMV-FLAG-ORF50(KK/EE) by PCR and cloned into pFLAG-CMV-2 (Sigma) with EcoRI and XbaI sites. For overexpression of the recombinant ORF50 proteins in bacteria, a DNA fragment encoding ORF50 (aa 1 to 590) with or without the KK/EE mutation or a DNA fragment encoding ORF50 (aa 333 to 691) was PCR amplified and inserted into pET-22b (Novagen) at the NdeI and XhoI sites. The DNA fragments encoding putative ORF50 regulatory motifs were inserted into the 3Ј or 5Ј end of the ORF50 gene, which had been modified to create restriction enzyme sites at either end. A PstI site downstream of the ORF50 gene and a NotI site upstream of the ORF50 gene were used for cloning these DNA fragments. pE-R350 was constructed by inserting a DNA fragment encoding EBV Rta (aa 1 to 350) into pFLAG-CMV-2 with EcoRI and BglII sites. Similarly, the glutathione S-transferase (GST) or GST fusion construct was made by inserting the coding region into pFLAG-CMV-2.
The reporter plasmids PANp/E4-Luc, vMIP-1p/E4-Luc, and ORF57p/E4-Luc were constructed by inserting double-stranded annealed oligonucleotides encompassing the ORF50 response elements of PAN, vMIP-1, and ORF57 promoters (4) into the XhoI and NheI sites of pE4-Luc, a luciferase reporter containing an adenovirus E4 minimal promoter (3).
Northern blot analysis. Total cellular RNAs from 10
7 transfected cells were prepared with an RNeasy kit (Qiagen), fractionated on 1% formaldehyde-agarose gels, and transferred to nylon membranes (Hybond-Nϩ; Amersham Pharmacia Biotech). Detection of ORF50 mRNA has been described previously (2) . Hybridization was carried out in 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 5ϫ Denhardt solution, 0.5% sodium dodecyl sulfate (SDS), and 100 g of salmon DNA per ml at 60°C overnight. Membranes were washed in 2ϫ SSC-0.5% SDS once for 10 min and in 0.1ϫ SSC-0.5% SDS three times for 25 min at 60°C.
Electrophoretic mobility shift assays (EMSAs). Transfected HKB5/B5 cells were suspended in lysis buffer (0.42 M NaCl, 20 mM HEPES [pH 7.5], 25% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 2 g of aprotinin per ml). Cell lysates were centrifuged at 90,000 rpm for 15 min in a benchtop ultracentrifuge, and supernatants were collected and frozen. Annealed double-stranded PANp oligonucleotide was end labeled with 32 P using T4 polynucleotide kinase. Binding reactions contained 15 g of protein extract in a solution containing 10 mM HEPES (pH 7.5), 50 mM NaCl, 2 mM MgCl 2 , 2.5 M ZnSO 4 , 0.5 mM EDTA, 1 mM dithiothreitol, 15% glycerol, and 0.5 to 1.0 g of poly(dI-dC) in a total volume of 20 l. For competition assays, nonradioactive competitor DNA was added to the initial reaction mix. Antibody to the FLAG tag (Sigma) or ORF50 peptide (aa 230 to 250) was used for supershifts.
Western blot analysis. Cell protein extracts were mixed with 3ϫ SDS gel loading buffer and boiled for 5 min before being loaded on 8% polyacrylamide gels. After immunoblotting with antibody to FLAG, immunoreactive polypeptides were detected with 125 I-labeled protein A. Luciferase assays. HKB5/B5 cells (7 ϫ 10 5 ) in 24-well plates were transfected with 0.5 g of pCMV or plasmids expressing wild-type or mutant ORF50 proteins and 0.5 g of reporter DNA. Cells were harvested 48 h after transfection. Each transfection experiment was repeated at least three times, and individual samples in each experiment were in duplicate. Preparation of cell lysates and measurement of luciferase activity were performed according to the manufacturer's protocol for the luciferase reporter assay system (Promega). The fold activation was calculated as the luciferase activity in the presence of ORF50 or ORF50 mutants divided by luciferase activity in the presence of control vector pCMV.
Purification of recombinant ORF50 proteins from bacteria. For preparation of ORF50 proteins, E. coli BL21 cells harboring the plasmid encoding ORF50(1-590), ORFR50(1-590)(KK/EE), or ORF50(333-691) with six histidine residues at the C terminus were grown to exponential phase at 37°C. After 2 h induction with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside), bacterial cells were resuspended in a lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, and 10 mM imidazole [pH 8.0]). Recombinant ORF50 proteins were purified by using nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography (Qiagen). Briefly, the cell lysates were incubated with Ni-NTA agarose at 4°C for 2 h. After extensive washing with buffer containing 50 mM NaH 2 PO 4 , 300 mM NaCl, and 50 mM imidazole (pH 8.0), the recombinant ORF50 proteins were eluted with buffer containing 50 mM NaH 2 PO 4 , 300 mM NaCl, and 250 mM imidazole (pH 8.0).
RESULTS
Mutations of the KKRK motif in the regulatory region of ORF50 protein discriminate between its effect on protein expression and DNA binding in mammalian cells. In a previous study, we identified a multifunctional region, present in aa 520 to 535 of ORF50 protein, that regulates protein expression and DNA binding (2) . Mutational analyses revealed that a basic tetrapeptide (KKRK) motif in this regulatory region was critical for mediating the phenotypes of protein expression and DNA binding (2) . As shown in Fig. 1 , substitution of glutamic acids (E) for K527 and K528 in this motif, as in the mutant ORF50(KK/EE), markedly enhanced the abundance of ORF50B protein. ORF50B appears to be a form of ORF50 that is decreased in posttranslational modification, whereas ORF50A represents a hypermodified form (2) . Since ORF50 mRNA levels were similar in human cells transfected with the wild type and KK/EE mutant (Fig. 1B) , the enhanced expression of ORF50B was controlled at a posttranscriptional level. Increased ORF50 DNA-binding activity was also observed by EMSA with the KK/EE mutant (Fig. 1D) . Thus, VOL. 82, 2008 DNA BINDING AND PROTEIN STABILITY OF ORF50 PROTEIN 9701 the KKRK basic motif in ORF50 exerts a pivotal role in regulating both the expression level and the DNA-binding function of ORF50 protein.
To attempt to discriminate the functions of basic amino acid residues of the KKRK motif that were crucial in regulating ORF50 expression and DNA binding, we mutated the first two lysines of the KKRK motif into alanines (A) or arginines (R). Substitutions of either alanines or arginines for lysines enhanced the expression of ORF50 mutant proteins in a manner similar to the KK/EE mutation (Fig. 1A  and C) . However, the KK/RR mutant ORF50 protein was abundant but bound DNA only weakly (Fig. 1D) . Amino acid changes of the basic motif did not alter the level of ORF50 mRNA (Fig. 1B) . These results lead to two important conclusions. First, a conservative basic-to-basic mutation in the KKRK motif still retained an inhibitory function for ORF50 DNA binding. Second, since all mutants were abundantly expressed, it appeared clear that lysines per se in the KKRK motif were crucial for regulating protein expression. The specific point mutations demonstrated that inhibition of DNA binding and ORF50 protein level were under independent control by the KKRK motif.
The C-terminal domain of ORF50 protein encompasses a two-component PARS. In our previous experiments the DNAbinding inhibitory region was identified through a series of C-terminal deletions of ORF50 protein (2) . However, we could not systematically compare the protein expression level of each C-terminal truncated ORF50 mutant protein because we lacked antibodies to the N-terminal region of ORF50. To solve this problem, we produced ORF50 C-terminal deletions in constructs with an N-terminal FLAG tag ( Fig. 2A ). As shown in Fig. 2B , the expression level of FLAG-tagged wild-type ORF50 protein (F-691) was lower than F-ORF50(KK/EE), as had been previously demonstrated comparing untagged wildtype and ORF50(KK/EE) mutant proteins (2) . When the expression level of C-terminal deleted ORF50 proteins was analyzed, we found that deletion of the C-terminal 41 aa did not markedly change protein level compared to wild-type ORF50 protein (Fig. 2B ). Both F-ORF50(F-691) and F-ORF50(F-650) were expressed at a low level. However, after deletion of 101 aa or more to aa 590, 564, or 490, the ORF50 deletion proteins became abundant (Fig. 2B) . These results suggested that in addition to the KKRK motif, another regulatory component, located between aa 650 and 590, controlled protein abundance. To confirm this hypothesis, we made an internal deletion in ORF50 protein (Fig. 2C) . The ORF50 mutant protein lacking aa 590 to 650, F-⌬590-650, was abundantly expressed (Fig. 2C) . Thus, there are two components of the PARS in the C terminus of ORF50 protein. One component (I) is located in the KKRK-containing region; the other component (II) is located within aa 590 to 650.
To determine whether the second component of PARS influenced DNA binding by ORF50 protein, we carried out the EMSA experiments using C-terminal deletion mutants with or without the KK/EE mutation (Fig. 2D ). Whenever the KK/EE mutation was present in ORF50 proteins, the proteins displayed enhanced DNA binding. The enhanced DNA-binding activity conferred by the KK/EE mutation could be shown to be independent of protein expression. The protein expression level of constructs F-590 and F-⌬590-650, both of which lack component II of the PARS, was similar to that of their counterparts with the KK/EE mutation (Fig. 2C ). Yet only constructs containing the KK/EE mutation bound DNA. These results confirm the conclusion that the KKRK basic motif located in the C terminus regulates DNA binding independently of abundant protein expression. Inhibition of binding by ORF50 protein to DNA is mediated through an intrinsic mechanism. The results from Fig. 1 and Fig. 2 showed that the expression level of ORF50 protein and its capacity to bind DNA were controlled independently, although the KKRK motif was essential for regulating both activities. The KKRK motif in ORF50 protein could regulate DNA binding by an intrinsic intramolecular mechanism or by interaction with other cellular proteins. To distinguish these alternatives, ORF50 proteins lacking and containing the KK/EE mutations were expressed and purified from E. coli (Fig. 3A) . The ORF50(1-590) constructs were selected for these experiments because in earlier experiments in mammalian cells they were expressed to equal levels since they lacked the second essential component of PARS (Fig. 2B and C) . ORF50(1-590) and ORF50(1-590)(KK/EE) were also expressed to equal levels in bacteria (Fig. 3A) . Nonetheless, the ORF50(KK/EE) mutant displayed significantly stronger binding to the ORF50 response element in the PAN promoter than did the wild-type protein (Fig. 3B) . The specificity of binding by ORF50(1-590)(KK/EE) was confirmed by oligonucleotide competition and supershifting with a specific antibody to ORF50. A 100-fold excess of cold duplex oligonucleotide containing the ORF50 response element efficiently competed for binding, while an oligonucleotide with a mutation in the ORF50 binding site (3) did not compete (Fig. 3C ). The Cterminal region of ORF50 (aa 333 to 691) that itself contains the DNA-binding inhibitory region did not bind specifically to the PAN promoter (Fig. 3B ). This protein was purified from E. coli in parallel with the ORF50(1-590) constructs and expressed to comparable levels (data not shown).
ORF50(490-535) is a functional DBIS.
Although the experiments illustrated in Fig. 1 and 3 indicated that the KKRKcontaining region of ORF50 protein was critical for inhibiting binding of ORF50 protein to DNA, we wished to define the boundary of a minimal DBIS that functioned in mammalian cells. Various portions of ORF50 protein were fused to the DNA-binding domain found in aa 1 to 390 (3) (Fig. 4) . A functional DBIS was defined as a portion of ORF50 protein that would block binding of ORF50(1-390) to the high-affinity ORF50 binding site in the PAN promoter. Moreover, the KK/EE mutation in the transferred fragment should abolish the DNA-binding inhibitory function (Fig. 4A) . Based on these criteria, the region spanning aa 490 to 535 constituted a minimal DBIS (Fig. 4A and C) . This region overlapped component I of the PARS. Although ORF50(520-564) included the KKRK motif, it only slightly blocked DNA binding when fused to ORF50(1-390) ( containing ORF50 protein aa 1 to 390 plus candidate inhibitory sequences to bind DNA was independent of protein expression. All of the constructs lacked component II of PARS, and all proteins were expressed to high levels. (aa 516 to 518) and RSK (aa 520 to 522) (Fig. 5A ). When these basic amino acids were mutated to aspartate (D) or glutamate (E) in the context of FLAG-ORF50(1-564) (Fig.  5B ) or full-length ORF50 (Fig. 5C ), they all restored DNAbinding activity. In the context of FLAG-ORF50(1-564), which lacks component II of PARS, all of the constructs were expressed equally (Fig. 5B, bottom panel) . In contrast, in the context of full-length ORF50, only the KK/EE mutant (K527E and K528E) resulted in abundant expression of ORF50B (Fig. 5C, bottom panel) . These additional basic amino acids in the DBIS regulate DNA binding but not protein abundance. These results further confirm the independent function of the DBIS and PARS. The 46-aa DBIS of ORF50 protein is dominant and functions at different positions in ORF50 protein. To study the dominance and positional effects of the DBIS, ORF50(1-564) was used as a parental construct. This protein binds DNA very weakly or undetectably; the KK/EE mutation markedly enhances DNA binding without affecting protein expression (Fig. 2B, 4 , 5B, 6B, and 6C). The addition of a second wild-type DBIS at the C terminus eliminated DNA binding of ORF50(1-564)(KK/EE). However, if the added DBIS contained a KK/EE mutation, the resulting chimeric protein still bound strongly to the ORF50 response element in the PAN promoter (Fig. 6B) . A DBIS placed at the N terminus of the protein also markedly reduced the capacity of ORF50(1-564)(KK/EE) to bind DNA (Fig. 6C) . The inhibitory effect was abolished when the KK/EE mutation was introduced into the DBIS. These experiments demonstrated that a single copy of the wild-type DBIS could function dominantly in cis. Moreover, the inhibitory effect was demonstrated when the DBIS was placed at the N or C terminus of the protein.
To determine whether the DBIS could block DNA-binding activity of a related heterologous DNA-binding protein, it was fused to the DNA-binding domain of EBV Rta (aa 1 to 350) (6) . Parental EBV Rta(1-350), EBV Rta(1-350)ϩDBIS, and EBV Rta(1-350)ϩDBIS(KK/EE) all bound with the same affinity to a duplex DNA oligonucleotide probe of the Rta response element from the EBV BMLF1 promoter (Fig. 7) . This result suggested that the DBIS of ORF50 was specific to the ORF50 protein itself.
Component I of the PARS is dominant over the KK/EE mutation and functions in a position-independent manner to reduce ORF50 expression. The 46-aa DBIS in ORF50 protein overlaps component I of the PARS. Since the DBIS was dominant for inhibiting the DNA-binding function and functioned at different positions in ORF50 protein, similar experiments were carried out examining effects on protein expression of full-length ORF50 mutants (Fig. 8 ). An extra copy of the DBIS was appended downstream of full-length ORF50(KK/EE), which contains a mutated component I and a functional component II of PARS (Fig. 8) . When the 46-aa DBIS was fused to ORF50(KK/EE), the expression level of the fusion protein was as low as the wild-type ORF50 protein (Fig. 8B, lane 4) . However, the same construct with KK/EE mutations in the added DBIS expressed high level of the protein (Fig. 8B, lane 5) . A 9-aa sequence containing the KKRK motif partially reduced expression of ORF50(KK/EE) (Fig. 8B, lane 6) . However, the 4-aa sequence (KKRK) at the C terminus of ORF50(KK/EE) was not sufficient to mediate the reduction of ORF50(KK/EE) expression. Although the 46-aa DBIS containing component I of PARS was dominant in inhibiting the DNA-binding activity of the fusion constructs in an EMSA experiment, 9-and 4-aa peptides containing KKRK did not posses this inhibitory activity (Fig. 8C) .
To determine whether component I (aa 490 to 535) of PARS was functional at the N terminus of full-length ORF50, it was transferred upstream of ORF50(KK/EE). A second copy of component I (aa 490 to 535) appended at the N terminus of ORF50(KK/EE) destabilized the fusion protein (Fig. 9B, lane  4) , but the addition of component I with a KK/EE mutation did not promote ORF50(KK/EE) degradation (Fig. 9B, lane 5) . A second wild-type copy of the regulatory region also markedly reduced DNA binding of F564(KK/EE), whereas a second copy of the regulatory region with the KK/EE mutation did not alter F564(KK/EE) binding to DNA.
The results of Fig. 6 , 7, 8 through 9 can be summarized as follows: the region of ORF50 from aa 490 to 535 contains the DBIS and PARS component I. An single extra wild-type copy of this region is dominant over the KK/EE mutation or deletions that enhance ORF50 DNA binding (Fig. 6 ) or protein expression (Fig. 8 and 9 ). Moreover, both regulatory activities of the region were functional at either terminus of the protein (Fig. 6, 8, and 9 ). The DBIS is functional on a minimal DNAbinding domain of KSHV ORF50 but not on a comparable domain of EBV Rta (Fig. 7) .
The entire PARS of ORF50 protein is transferable to a heterologous protein. Low-level expression of ORF50 protein, presumably as the result of destabilization, relies on two components located between aa 490 and 535 (component I) and aa 590 and 650 (component II). To determine whether the protein destabilization function of PARS could be transferred to a heterologous protein, we first created FLAG-tagged constructs in which the N-terminal 20 amino acids of ORF50, containing the nuclear localization signal (NLS), were fused to ORF50(490-691). These constructs, encompassing both components of the PARS, were made without or with the KK/EE mutation (Fig. 10A) . GST protein in frame with the NLS of ORF50 protein served as a target (Fig. 10) . This experiment demonstrated that the PARS of ORF50 could function in cis on a heterologous protein. Fusion of GST to the PARS resulted in low-level expression of the chimeric protein (GSTϩPARS). When the PARS contained the KK/EE mutation, higher levels of the GST fusion protein were detected. Proteins containing the ORF50 NLS and PARS alone, without GST, were comparably stable, with or without the KK/EE mutation. These results suggested that GST contains a target for the PARS, which is not present in the PARS itself.
A proteasome inhibitor reproduces effects of mutation in component I of PARS. One possible role of the PARS might be to target ORF50 protein for degradation by the proteasome pathway. In wild-type ORF50 the "A" form is more abundant than the "B" form, whereas in the KK/EE mutant the converse is true (Fig. 1C and Fig. 2C, compare lanes 2  and 3) . The KK/EE mutation might protect ORF50 from degradation via the proteasome. To investigate this possibility, wild-type ORF50 and ORF50 (KK/EE) were expressed in the absence or presence of the proteasome inhibitor MG132 (Fig. 11) . MG132 markedly enhanced the ratio of ORF50B to ORF50A. This enhancement was 3-to 4-fold for wild-type ORF50 protein and 1.5-to 2.7-fold for the KK/EE mutant. These results are consistent with the hypothesis that relatively low levels of wild-type ORF50B protein could be due to degradation through a proteasome pathway. The experiments also suggest that the KK/EE mutation may not completely protect against degradation by the proteasome since the inhibitor also increased the ORF50B/ORF50A ratio of the mutant protein.
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Effect of mutations in the DIBS and PARS on the capacity of ORF50 to activate different classes of promoters of KSHV lytic cycle genes. There are two classes of KSHV lytic cycle gene promoters. One class, represented by the promoters of PAN and kaposin, is activated by ORF50 binding directly to DNA (3) . Another class, represented by promoters of vMIP-1 and ORF57, is regulated by ORF50 protein interacting with RBPJK (4). Figure 12 shows that mutations that increase the abundance of ORF50 protein and mutations that enhance DNA binding by ORF50 protein both reduce the capacity of the protein to activate direct and indirect target promoters. For four mutants that enhance DNA binding, this reduction in activity was 68, 51, and 64% for the PAN, vMIP-1, and ORF57 promoters, respectively. The mutant KK/RR, which was enhanced in protein abundance but not altered in DNA binding, was reduced in activity by 35 to 45% on the three promoters. These data indicate that both the DBIS and the PARS are important for optimal biologic function of the ORF50 protein. 
DISCUSSION
ORF50 protein of KSHV is a multifunctional transcription factor and replication protein that plays a central role in the switch of the viral life cycle from latency to lytic replication (11, 31) . To achieve optimal KSHV lytic-cycle gene expression and viral DNA synthesis, the many functions of the ORF50 protein must be subject to exquisite control. In the present study, we show that the DNA-binding activity and protein abundance of ORF50 protein are controlled by several cis-regulatory motifs ( Fig. 1 and 2) . One regulatory region, a DBIS that represses the DNA-binding function of ORF50, was mapped to aa 490 to 535 (Fig. 4) . The same region overlaps the essential component I of the PARS (Fig. 1, 2, 8, and 9 ). Destabilization or other mechanisms of maintaining low levels of ORF50 protein requires a second cis-component located within aa 590 to 650 (Fig. 2) . Although the region between aa 490 and 535 (DBIS; component I of PARS) regulates both DNA binding and abundance of ORF50 protein, these phenomena are separable based on specific point mutants and chimeras (Fig. 1, 2, 4 , and 5 and Table 1 ). Furthermore, both the DBIS and the component I of PARS in ORF50 are functional in a position-independent manner (Fig. 6, 8, and 9 ). The entire functional PARS can be transferred to a heterologous protein.
Mutations that inactivate the DBIS or PARS reduce the activity of ORF50 protein.
Regulation of ORF50's DNA-binding function. The ORF50 transcription factor protein contains a basic DNA-binding domain located between aa 1 and 390. Although the DNA-binding domain of ORF50 protein is important for its transactivation function, direct binding to target DNA is not the exclusive or dominant strategy utilized by ORF50 to activate its responsive genes (4) . Only a few genes, including PAN and K12, are classified as direct targets of ORF50. Most ORF50 responsive genes seem to be regulated through an indirect DNA-binding mechanism (4). Thus, the non-DNA-binding form of ORF50 protein may be predominant in lytically infected cells. Our discovery that wild-type ORF50 protein expressed in mammalian cells does not display detectable DNA-binding capacity in vitro is consistent with this hypothesis (2) . We now show that inhibition of ORF50 DNA-binding activity is controlled by a cis-active motif, DBIS (Fig. 1 and 4) .
Several possibilities may explain why the DBIS in cis inhibits the DNA-binding function of ORF50 protein. First, the DBIS may interact with cellular repressors that block the DNAbinding function of ORF50. Second, the DBIS may promote ORF50 posttranslational modifications, which mediate inhibition of the DNA-binding function. Third, the DBIS may autoregulate the DNA-binding function through intrinsic intramolecular repression. When we analyzed the ORF50 proteins purified from E. coli, we found that wild-type ORF50(1-590) still displayed limited DNA-binding capability compared to its KK/EE counterpart (Fig. 3) . These results suggest that inhibition of DNA binding by wild-type ORF50 was independent of eukaryotic cellular proteins, including those that interact with ORF50 protein or those that confer posttranslational modifications of ORF50 protein. Thus, intrinsic intramolecular repression is likely to be the major mechanism for inhibiting DNA binding by ORF50.
Thus far, we do not understand the details of the mechanism by which the DBIS intrinsically inhibits the function of the ORF50's DNA-binding domain. Three possible mechanisms include the following: (i) the DBIS may interfere with ORF50 homodimerization, which is a prerequisite for DNA binding; (ii) the DBIS may directly interact with the DNA-binding domain and inhibit its DNA-binding function; and (iii) the basic DBIS may possess a nonspecific DNA-binding activity that competes for specific binding by ORF50's DNA-binding domain. There is a stretch of basic residues found within aa 516 to 530 of the DBIS. The sequence in this region is KRKQRS KERSSKKRK; 10 of 15 amino acids are basic (indicated in italics). In addition to the KKRK motif, this sequence contains two upstream clusters of the basic amino acids KRK and RSK. Acidic amino acid substitutions in all three motifs restored DNA-binding activity (Fig. 5) , while basic-to-basic substitution in the KKRK motif still retained the DNA-binding inhibitory function of ORF50 (Fig. 1D) . These results imply that basic residues are critical for inhibition of ORF50 binding to DNA. The importance of basic amino acids in the function of the DBIS is consistent with the hypothesis that the DBIS possesses a general nonspecific DNA-binding activity that overrides the specific binding of ORF50 protein to DNA.
A DBIS is found in a lysine-and arginine-rich motif at the extreme C terminus of the p53 protein. This basic region functions as a sequence-nonspecific nucleic acid-binding region. In the "sliding model" of regulation of DNA binding by p53 the C-terminal basic region allows p53 to search DNA for its specific response elements that are ultimately bound in a sequence-specific manner. The basic C-terminal domain also re- duces the stability of p53 protein bound specifically to DNA (16, 28) . The results from Fig. 4 and 6 showed that the 46-aa DBIS was functional at multiple positions in the ORF50 protein. An extra wild-type copy was dominant over a single copy with the KK/EE mutation. Such a strong inhibitory region may repress the DNA-binding function of other transactivators. The Rta protein of EBV is a homolog of KSHV ORF50 protein, which controls the lytic switch of EBV from latency (26, 27) . Recently, a DNA-binding inhibitory region has been identified in the C terminus of EBV Rta (6) . Although the KSHV DBIS was active in ORF50 protein (Fig. 4 and 6) , it did not affect the DNA binding of EBV Rta protein (Fig. 7) . This result suggests that the ORF50 DBIS may specifically regulate ORF50 DNA binding, although a broader range of DNA-binding target proteins needs to be studied.
Regulation of abundance of ORF50 protein.
In almost all unstable transcription factors found in eukaryotes and eubacteria, transcriptional activation domains and protein degradation signals overlap (23, 32) . Our results showed that the PARS of ORF50 is located in the C-terminal activation domain (Fig.  2, 8, and 9 ). There are two components of PARS in ORF50 protein (Fig. 2) . Mutations in either component led to abundant expression of ORF50 protein. Recently, Yu et al. reported that ORF50 protein could function as an ubiquitin ligase (E3) and autoregulate its own polyubiquitination and stability. The destabilization signal characterized by Yu et al. was located in a Cys-plus-His-rich region (aa 118 to 207) in the N-terminal domain (40) . Since this region does not overlap either of the elements of PARS that we have defined, there may be two or more destabilization systems in ORF50 protein.
As shown in Fig. 10 , deletion of the N-terminal region (aa 20 (Fig. 10) . These results suggest that the C-terminal destabilization signal of ORF50 protein is critical and sufficient to promote the degradation of an unrelated protein.
Ubiquitin-mediated proteolysis has been proposed to play a central role for protein degradation (24) . Regulation of ORF50 protein stability may be controlled by a ubiquitinmediated mechanism. Thus, a proposed hypothesis is that one or more lysines in component I of the PARS may function as an acceptor site for ubiquitination, and a ubiquitin ligase (E3) or ubiquitin-conjugating enzymes (E2) may dock on component II. Although ORF50 protein could be demonstrated to be ubiquitinated in vitro (40), we have not yet been able to demonstrate ubiquitination of ORF50 protein in vivo. Based on the current model of protein ubiquitination (37) , spacing between the enzyme-docking signal and acceptor sites for ubiquitin should be critical for the polyubiquitination of target proteins. However, our results showed that component I of PARS functioned to promote protein destabilization not only at its natural location but also at either the N or the C terminus of ORF50 protein (Fig. 8 and 9 ). It is unclear whether the fully folded conformation of ORF50 allows the accessibility of the docking enzymes to the KKRK motif or whether degradation of ORF50 is mediated through another mechanism that does not involve ubiquitin.
The results presented in Fig. 11 suggest that the mutations K527E/K528E in component I of PARS impair proteasomemediated degradation of ORF50B. Expression of wild-type ORF50B protein was markedly enhanced relative to ORF50A in the presence of the proteasome inhibitor MG132. The experiments, however, do not exclude mechanisms other than regulation of protein stability to account for enhanced ORF50 protein expression when the PARS is mutated. Amino acid sequences themselves, interactions of the nascent polypeptide with other proteins, or interaction of the mRNA with micro RNAs may influence the translation rate (38, 39) .
How the DBIS and PARS might impact the biological functions of ORF50. As shown previously (4), ORF50 mutants with enhanced DNA-binding activity and increased protein expression were somewhat diminished in their overall transcriptional function whether assayed by reporters or by the capacity to activate expression of viral early lytic genes such as PAN. We have considered several possibilities to explain the defect of the ORF50 mutants in activating the PAN promoter: (i) the KK/EE mutant might have aberrant location in the cell, (ii) the KK/EE mutant might impair the transcriptional activation domain, (iii) the expression of ORF50B might affect proteinprotein interaction or possess dominant effects, and (iv) increased DNA binding affinity of the mutants might alter the on-off rate.
The basic KKRK motif could be a NLS, and mutation of the KKRK motif may decrease importation of ORF50 protein into the nucleus. However, analysis of fractionated cell lysates showed that ORF50 protein with the KK/EE mutation did not influence its location in nucleus (data not shown). Furthermore, the ORF50(KK/EE) mutant displayed enhanced DNA binding to the PAN and K12 promoters in ChIP assays (2) . Thus, loss of the transcription function of ORF50 mutants, at least for activating the PAN gene, is not due to sequestration of ORF50 protein in the cytoplasm or to failure to interact with target promoters.
Since the stretch of basic amino acids (516 to 530) overlaps the C-terminal activation domain, mutation of the KKRK, KRK, or RSK motifs may decrease an essential protein-protein interaction with a coactivator or a component of the basal transcriptional machinery. Thus, weaker transcription function of the ORF50 mutants may be due to impairment of the function of the activation domain. Mutations in these three motifs which increase protein abundance or enhance DNA binding or both significantly impair the activity of the protein (Fig. 12) . These results show that both the PARS and the DBIS must be intact for optimal transcriptional activity.
The events of gene activation and activator degradation may be coupled. A growing body of evidence shows that nonubiquitylated activators are stable but inactive (7, 23) . The connection between transcription and proteolysis raises the possibility that abundant protein expression of the ORF50 mutants may result in accumulation of nonfunctional ORF50 protein. The extremely high-affinity binding of ORF50 protein to DNA may reduce the on-off rate and usage of the bound protein.
In conclusion, we provide here evidence that emphasizes that DNA binding, protein abundance, and transcriptional activation function of the ORF50 protein are tightly controlled and linked. An optimal level of protein expression and DNAbinding activity appears to be required for maximal biologic activity. The cis-regulatory motifs we identified in ORF50 protein may represent general phenomena. Other transcription factors may posses similar but as-yet-unidentified motifs to control DNA binding, protein stability, and gene activation. Thus, understanding the mechanisms that regulate the ORF50 protein is not only relevant to the oncogenic human gammaherpesviruses, it has important implications for understanding the control of cellular transcription factors.
